The role of threading dislocations on the electrical properties of epitaxial ferroelectric films is analyzed using a thermodynamic formalism and basic electrostatics. The modeling is carried out for a 300 nm thick ͑001͒ PbZr 0.2 Ti 0.8 O 3 on ͑001͒ SrTiO 3 which displays a large population of threading dislocations as determined by transmission electron microscopy. Results show that although the phase transformation characteristics of ferroelectric films containing threading dislocations are altered such that the transformation is "smeared" over a temperature interval due to local strain variations, these defects do not have as profound an effect on the electrical properties as the misfit dislocations.
The continued downscaling of semiconductor devices has resulted in functional materials being confined to nanometer size volumes, and they are, therefore, liable to be severely affected by atomistic defects in the material. This has fueled significant interest in the character of secondary defects and their long-range fields. [1] [2] [3] In particular, the strain field associated with dislocations, and the strong interactions of dislocation cores with charge carriers and dopants have been investigated experimentally 1, 4 and theoretically. 5 In the case of ferroelectric thin films, it was shown that the presence misfit dislocations ͑MDs͒ could severely impact ferroelectric and piezoelectric properties [6] [7] [8] as well as the domain structure. 9 Strong coupling of the polarization with the highly localized stress fields of MDs was shown to result in polarization gradients, capable of producing internal electric fields strong enough to suppress ferroelectricity and thus degrade physical properties. 6 In addition to MDs, the microstructure of ferroelectric thin films contains invariably threading dislocations ͑TDs͒. [10] [11] [12] [13] There is now a clear consensus that the formation of MDs and TDs occurs by the glide of half-loops generated in response to misfit stresses at the interface, and that the final configuration consists of a MD segment lying in the interfacial plane bounded by two TD segments that thread from the interface to the deposit surface, in the manner first described by Matthews. 14 While the effect of TDs on electrical properties in semiconductors is well documented, 15 their role in ferroelectric films is yet to be fully understood. A preliminary study in epitaxial ͑001͒ Ba 0.6 Sr 0.4 TiO 3 films on ͑001͒ 0.29͑LaAlO 3 ͒ : 0.35͑Sr 2 TaAlO 6 ͒ indicates that the improvement in the dielectric response upon annealing of the as-deposited samples might be attributed to reduction in the TD population. 16 In this letter, building upon our prior thermodynamic formalism for MDs, 6 we analyze the effect of TDs on the electrical properties of epitaxial ferroelectric thin films.
Examples of representative transmission electron microscopy ͑TEM͒ images obtained from a plan-view specimen of an epitaxial ferroelectric film are shown in Fig. 1 . These data were obtained from a 300 nm thick ͑001͒ PbZr 0.2 Ti 0.8 O 3 ͑PZT͒ film grown by pulsed laser deposition using a 248 nm KrF excimer laser source onto a ͑001͒ single-crystal SrTiO 3 substrate at T G = 600°C. The details of the growth parameters and TEM sample preparation are given elsewhere. [8] [9] [10] [11] [12] [13] Figures 1͑a͒ and 1͑b͒ are bright-field ͑BF͒ images obtained using diffraction vectors g = 020 and g =200, respectively, with the beam direction close to ͓001͔. these sets had = ͗111͘ and b = ͗110͘. They exhibited weaker contrast than Sets A and D in images obtained using g = 020 or 200, but much stronger contrast in images obtained using g = 110 or 110 ͑not shown͒. A more detailed analysis of the defect microstructure in this film is presented elsewhere. 17 To model the effect of the TDs on the electrical properties, we have carried out theoretical calculations. TDs with b = ͓100͔ and ͓100͔ were randomly distributed in an epitaxial 300 nm thick ͑001͒ PZT film on ͑001͒ STO with a population density of ϳ10 10 cm −2 , in accordance with the TEM micrographs in Fig. 1 . The misfit between PZT and STO is −1.810% at T G . This in-plane strain at T G can be relaxed in 300 nm thick films via the formation of MDs resulting in an "effective" misfit strain 18 of −0.048% at RT, determined using the Matthews-Blakeslee criteria 19 with a critical thickness for dislocation formation of ϳ9 nm. This effective inplane misfit serves as the "background," such that the total polarization-free elastic strain in the continuum limit is given by
where ij M is the effective misfit and ij TD is the self-strain of a TD. We note that we neglect the self-strain of the MDs in our analysis although the effective misfit strain does contain their contribution in the relaxation of the misfit at T G . This is a reasonable approximation for films with a film thickness well above the critical thickness for MD formation. The selfstrain of MDs would certainly alter the total strain state near the film-substrate interface on which MDs form. Although the strength of the strain field of the MDs fades quickly in accordance with St. Venant's principle, this would become crucial for film thicknesses below ϳ15 nm. 6, 8 Using the spatial variation of ij TD , 20 the strain state of a ferroelectric film containing TDs can be mapped. We define a Cartesian coordinate axis such that x Ќ ͓100͔ PZT , y Ќ ͓010͔ PZT , and z / /͓001͔ PZT and note that the dislocation line is parallel to the z direction. In Figs. 2͑a͒ and 2͑b͒ , we show the strain distribution due to TDs in PZT on STO in the xy plane at RT and at a thickness of 280 nm, sufficiently away from the film-substrate interface.
The strain field can then be incorporated into the Landau-Devonshire ͑LD͒ potential to determine the polarization distribution such that
where
is the LD free energy of a single-domain ferroelectric with a uniform polarization P along the z axis, and ␣ 1 , ␣ 11 , and ␣ 111 are the dielectric stiffness coefficients. The temperature dependence of ␣ 1 is given by the Curie-Weiss law, ␣ 1 = ͑T − T C ͒ /2 0 C, where T C and C are the Curie-Weiss temperature and constant, respectively, and 0 is the permittivity of free space. The last term in Eq. ͑2͒ is the total elastic energy given by
where C ijkl are the elastic moduli of the film. ij T is the total elastic strain:
where ij 0 = P k · Q ijkl · P l is the self-strain tensor of the paraelectric-to-ferroelectric phase transformation and Q ijkl are the electrostrictive coefficients.
The thermodynamic analysis results in a polarization and Curie temperature variation due to the spatial dependence of the strain field around the TDs ͓Figs. 2͑c͒ and 2͑d͔͒. The spontaneous polarization P 0 is given by the equation of state, ‫ץ‬F / ‫ץ‬P = 0 and local T C can be determined by setting the ͑renormalized͒ first Landau coefficient ␣ 1 equal to zero. In regions where the strain field is negative ͑compressive strain͒, we see an increase in T C and a commensurate improvement in the local polarization. On the other hand, in tensile regions T C may drop to below RT, resulting in zero local polarization. Local variations in T C result in a diffuse, or "smeared," ferroelectric-paraelectric transformation instead of the sharp transformation in defect-free single crystals. We note that the polarization distribution around the TDs is in complete agreement with the results for piezoelectric wurtzite GaN. 21 To fully understand the effect of TDs on the electrical properties, we must go beyond the thermodynamic formalism and incorporate electrostatic interactions between polarization dipoles. This can be achieved via the Maxwell's relations:
where E D is an internal field due to polarization fluctuations and is the density of free charges. In Fig. 3͑a͒ , we show a schematic representation of TDs and MDs in an epitaxial film. The dislocation line of a TD is parallel to the z direction, the easy axis of the polarization. As shown in Fig. 3͑b͒ , along infinitesimally small z-axis-oriented strips, polarization along the z direction is divergence free, i.e., ١ · P = 0, although the magnitude of the polarization does change along the x and y axes as one moves away from the dislocation FIG. 2 . ͑Color online͒ Theoretically calculated spatial variation of the total polarization-free in-plane components of the elastic strain ⑀ xx ͑a͒ and ⑀ yy ͑b͒ for randomly distributed TDs with b = ͓100͔ or ͓100͔, plan view of out-ofplane polarization ͑c͒ and Curie temperature ͑d͒ variation. Areas shown in ͑a͒-͑d͒ represent a 60ϫ 60 nm 2 area in the xy plane, 280 nm away from the interlayer interface. Individual elements in the simulations were taken to be ϳ0.4 nm.
line. In the case of an insulating ferroelectric film and charge-neutral dislocation core, this implies that this configuration should not produce an internal ͑depolarizing͒ field along the z axis. This is in agreement with the electrostatic analysis of edge dislocations with a dislocation line along the c axis of piezoelectric GaN. 21 Another divergence-free arrangement of dipoles would consist of antiparallel polarization variation near TDs as shown in Fig. 3͑b͒ that results from minimization of the dipole-dipole electrostatic interactions. 23 In contrast, for MDs where the polarization vector is perpendicular to the dislocation line, the electrostatic conditions are quite different ͓Fig. 3͑c͔͒. We have shown that the out-of-plane polarization around the MDs exhibits a dramatic divergence along the z direction due to the varying strain fields starting from the interface. 6 This configuration, especially in the vicinity of the MD cores, results in internal electric fields sufficient enough to suppress ferroelectricity 24 in a region extending around 10 nm from the dislocation core. 6 The severe degradation in the electrical properties due to these dead regions has been discussed in detail both theoretically 6 and experimentally. 8 Comparing the two different electrostatic conditions for MDs and TDs, it is apparent that the effect of TDs on electrical properties is not as detrimental as that of MDs. In Ref. 16 , the annealing of BST films resulted in a slight increase ͑ϳ10% ͒ in the dielectric properties of the films. We note that the compressive regions of the TDs have a higher transition temperature T C ͓Fig. 2͑d͔͒ that would lower the overall dielectric constant of the film. 25 Thus, the improvement in the dielectric response can be related to the reduction of the TD density through the elimination of their compressive regions.
In conclusion, the effect of TDs on ferroelectric properties has been analyzed using thermodynamic models and basic electrostatic considerations for a TD configuration with a dislocation line perpendicular to the film-substrate interface, i.e., in the direction of the spontaneous polarization. We show that although the phase transformation characteristics of ferroelectric films containing TDs are modified, resulting in a diffuse ferroelectric phase transformation due to local strain gradients, these defects do not have as profound an effect on the electrical properties as the MDs. With larger film thicknesses, the MDs will affect only the region close to the interface, while TDs will still give rise to the same smearing of the phase transformation temperature unless there are radical variations in TD density with distance from the interface. For thinner films, the overlapping of the stress fields of MDs and TDs may result in polarization variations throughout the entire volume of the material, leading to complete suppression of ferroelectricity. We note that for the case of TDs whose dislocation lines do not lie parallel to the direction of the spontaneous polarization, we would also expect the generation of polarization gradients. This would result in a more significant reduction in the ferroelectric properties, similar to the case of degradation of ferroelectricity near MDs.
